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• SUMMARY 



Tests were made on a single-cylinder* air-cooled 
engine to determine the effect of several different 
exhaust-stack shapes on the design and performance of 
the individual cylinder exhaust-gas jet-propulsion system. 

The results of the investigation indicate that the 
presence of smooth bends in the exhaust stack or an in- 
crease in length up to approximately 4 feet have a very 
small effect on the total performance obtainable at a 
given set of operating conditions* Tests with a straight 
stack 9 feet in length indicate that there is a limiting 
value of exhaust-stack length beyond which the effect on 
engine power is appreciable^ 

- Curves are given for use in designing nozzles for 
various exhaust-stack shapes and for predicting the gain ... 
in thrust horsepower that may be expected at various 
operating condit ions . 



INTRODUCTION 



In reference 1 there was .devel oped a method of deter- 
mining the effect of exhaust-stack discharge area on engine 
power and exhaust-gas jet thrust. Curves are given for 
designing exhaust-stack nozzles and for predicting the jet 
thrust obtainable at various operating conditions. It was 
found that a considerable gain in thrust horsepower could be 
obtained by the utilization of exhaust-gas jet thrust. The 
tests were made on a single-cylinder engine with a single 
straight exhaust stack 25 inches in length. 
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.In actual installations it is seldom possible to use 
straight stacks, and various bends must be introduced into 
the exhaust system* The exhaust-stack length will also 
vary with different ins tallat ions* 

This report presents the results of tests of an 
1820-G single-cylinder engine to determine the effects 
of nozzle area and stack shape on engine power and ex- 
haust-gas jet thruste, The considerable amount of data 
obtained has been condensed into relatively few curves 
for use in designing nozzles for various stack shapes 
and for predicting the gain in thrust horsepower to be 
expected at various operating conditions. 

The tests were made at the Langley Memorial Aero-*- 
nautical Laboratory during the period from June to Decem- 
ber 1941. 



Method of Determining the Effect of Nozzle Area 
on Exhaus t-Gas ' Jet Thrust and Engine Power 



It is shown in reference 1 that the thrust produced 
by the discharge of exhaust gas from a short straight stack 
may be represented by a single curve regardless of vari-ation 
in nozzle discharge area or engine conditions if -3T/M e is 
plotted against p 0 A/M e . The quantity P/M e is the mean 
exhaust-gas jet velocity and is designated ¥ G . Thus 



ANALYSIS 



l e = I-/M e = fi(p 0 A/M e ) 



(1) 



where 



average exhaust^gas jet thrust, pounds 



M 



e 



average mass rate of flow of exhaust gas, slugs per 
second 



p 0 . atmospheric pressure, pounds per square foot 



A 



exhaust-nozzle area, square feet 
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In the case of exhaust systems of such shape that 
resonance effects are appreciable, factors not uniquely 
dependent on p 0 A/M 0 nay be expected to be important in 
determining 7 0 « In the case of stacks free of resonance 
effects, some difference in the variation of Y e with 
p 0 A/M s may be expected when the exhaust-stack shape is 
sufficiently changedo For example, the discharge process 
from exhaust stacks will tend to be slowed down by an 
increase in stack volume with a consequent reduction in J- 

The effect of nozzle area on engine power is shown in 
reference 1 in the following manner; 

The ratio of indicated mean effective pressure to in- 
let manifold pressure is used as a measure of engine power. 
This ratio 0 is a function of p^, v d n/A, and engine 

S J) 6 6 u. • 

Thus 
where 

imep indicated mean effective pressure, pounds per square 

p m in _ t ^ ke ._ manif old P^ssure, pounds per square foot 

v d displacement volume of engine, cubic feet 

n engine speed, revolutions per second 

It is convenient to represent the loss in engine 
power resulting from restriction of the exhaust-stack exit 
area by the quantity A0. Thus. 



A0 = 0 ~ 0 O (3) 

where j3 is for a given nozzle area at a given engine 
speed, intake manifold pressure and temperature, and at- 
mospheric pressure, and p 0 is for the same stack at the 
same operating conditions but with no nozzle restriction. 
The quantity &p is principally a function of p 0 /p E and 
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Method of Determining the Effect of Nozzle 

Area and Stack Shape on Total Performance 

The total thrust horsepower when exhaust-gas jet 
thrust is utilized is given by the relation 

M e Te V , . 

where 

P T total thrust horsepower 

p "brake horsepower of -engine 

Tip propeller efficiency 

V airplane velocity, feet per second 

In the region where reduction in nozzle area causes . 
a loss in engine power, the net gain in thrust power is 
given "by APj where 

ap t = n P CP-* 0 ) + (5) 



where P 0 is the "brake horsepower obtained from the en- 
gine with the unrestricted stack, and P is the value 
with the constricted nozzle. 

Since P and P 0 each apply for the same engine 
speed, manifold pressure, manifold temperature, and atmos^- 
pheric pressure the mechanical friction is the same for 
each case and, except for variations in supercharger power 
^-P 0 can be replaced by I-I Q where I and I Q are the 
indicated horsepowers corresponding to P and P 0 , respec 
tively. But 

imep v d n p rfl v d n 

I * ■ e= = 0 1 

2 X 550 r 2 X 550 



Thus 

0 2 X 550 r 
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and M e is given by the relation 

M . (1 + f) 

2 H T m T 

m 

where 

f fuel-air ratio 

n volumetric efficiency of the engine 
1 v 

T intake manifold temperature, °F absolute 
m 

o 

E gas constant for air, foot-pounds per slug F 
If A0, T is defined by the relation 

A . 2 x 550 AT5 

Pm v d n ^ P ~ 

equation (5) "becomes 

(1+f) _ v 
a0t a A0 + , v Ve _ (6) 

..I.h_e. quantity A0rp can be considered as a net increase 

.in the mean effective pr e s sure ~ "o"f ~t'"he"""e ng±n~e "divided- by - --- 
the intake manifold pressure on the assumption that the 

jet thrust power, represented by ( l + » n v V e ~ )» is 

\R T ra Tip / 

credited to the engine power. 

If A0rp is considered to be due to an effective 
mean exhaust-gas jet velocity C^e^eff 9 ^ ecoines 

. 1+f V x ■ , K 

= ^v - (Ve)eff ( ? ) 

K 1 m 

Substituting equation (7) in equation (6) and solving for 
<Veff S ives 
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It has previously "been shown that ■ and r\ v aro 
functions mainly of P 0 /p m and van/A and that V e is 
a function of p 0 A/M e . But 



P 0 A p 0 A 2 R T m 



M e " Pm X v d n X < 1+f H 



(9) 



Thus, if P 0 /P m and V/tip are constant i and *n, 

and consequently (^ e ) eff may be considered functions of 
Po A /M e - 

APPARATUS 



Thrust measurements were made with the altitude 
thrust target described in detail in reference 1. The 
only change in this device was the installation of a. 
water spray for cooling the inner tank. 

The equipment for determining the effect of exhaust . 
discharge area on engine power was also essentially the 
same as described in reference 1. The only variation 
was the use of several differently shaped exhaust stacks. 
(See fig. 1.) These stacks included (a) an offset or 
S-shape, (b) a 90° bend, (c) a 180° bend, (d) a short 
straight stack having a closed branch faired into it, 
and two straight stacks, 44 inches and 9 feet in length. 
Each stack had an inside diameter of 2^g inches and was 
provided with flanges for mounting between the engine and 
the exhaust tank. 

A sketch giving the main dimensions of the stacks is 
shown in figure 2. In some cases it was necessary to 
add- short extensions to the stack as an aid in changing 
nozzles. These extensions are shown by dashed lines in 
figure 2. 



The nozzles used in the tests were 5 inches long 
and consisted of a 3-inch tapered section faired into 1-inch 
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straight sections at each end. One nozzle was made with 
its exit end cut in a plane making an angle of 30° with 
the nozzle axis* (See fig* 3.) 



TEST PROCEDURE 



The test procedure for both thrust and power determina- 
tions was essentially the same as described in reference 1. 

The following engine conditions were maintained in 
all the tests. The fuel-air ratio was held "between 0.079 
and 0.031; the engine speed was held to within ±10 rpm of 
the desired value, the oil-out temperature was held between 
140° I and 160° F; and the cooling-air pressure drop was 
held between 17 and 20 inches of water. 

Thrust determinations were made with the 180° bend 
and the branched stack. Each stack was tested at engine 
speeds of 1300, 1500, 1700, 1900, and 2100 rpm with sev- 
eral different nozzle areas. In general, for each nozzle 
area the engine was operated over the following range of 
condi t ions; 

(a) Intake manifold pressure constant at 30 inches 
of mercury absolute and thrust target pressures varied from 
12 to 30 inches of mercury absolute. 

(b) ^Intake manifold pressure va.ried from 24 to 30 

inches of mercury at) so lu t~e~ and- ~t hrus t —targe t- pr.es sure . c o n- 
stant at 30 inches of mercury absolute. 

T;he weight rate of flow of exhaust gas was determined 
by a calibrated orifice in the air-intake line and a rotam- 
eter in the fuel line. 

In addition to the foregoing tests, thrust determina- 
tions were made with a 20-inch straight stack and the 
beveled nozzle. The thrust was first determined with the 
beveled nozzle exit. The beveled portion was then cut 
off so the nozzle exit was normal to its axis, and thrust 
determinations were again made to determine the effect 
of the bevel on thrust. The plane of the beveled nozzle 
was vertical during the tests, and only the axial com- 
ponent of the velocity was determined. 

All the stacks were tested for their effect on power. 



\ 



8 



Each stack, except the 9-foot stack,; was tested as 'follows: 
With a given nozzle exit area, runs v/ere made at engine- 
speeds of 1300, 1500, 1700, 1900, and 2100 rpm. At each 
speed. the intake manifold pressure was held at approxi- 
mately 30 inches of mercury absolute and the exhaust tank 
pressure was varied from 13 to 30 inches of mercury ab- 
solute in steps of approximately 3 inches of mercury. 
Several different nozzle areas v/ere tested at each engine 
speed. 

The 9-foot stack was tested by holding the ratio 
Po/Pm constant, while the engine speed was varied from 
1300 to 2100 rpm in steps of approximately 100 rpm. The 
engine power was determined at each. speed. Several nozzle 
areas were tested over the speed range at V 0 '/V m = 0,4, 
0,7, and 1.0. 

Motoring friction was determined with the unrestricted 
S-shaped stack over the range of engine speeds with sea- 
level intake and exhaust pressures. The values obtained 
were found to agree with those for the 25-inch straight 
stack. The friction power as determined for the 25-inch 
straight stack was used in all cases to obtain the indi- 
cated mean effective pressure. . . 



DISCUSSION Of RESULTS 

The Effect of llozzle Area, and Stack 

Shape on Exhaust-Gas Jet Thrust 

Figure 4(a) shows the variation o_f the exhaust-gas 
jet thrust F/ M. e as represented by V Q% with <p Q A/M e 
for the exhaust stack having a 180° bend. Inspection of 
the figure shows that the data agree, in general, with 
the curve obtained for the 25-inch straight stack in refer- 
ence 1. The nozzle with an area of 0,91 s. qua re inch is 
seen to give somewhat smaller values of V e than would be 
expected from the curve and other considerations. This 
result is believed to be due to experimental error because 
intermittent afterburning occurred in the thrust tank 
during this run and made an accurate reading of the thrust 
and back pressure difficult. This difficulty was eliminated 
in the other, runs by cooling the thrust' target with a water 
spray. Inasmuch as stacks having bends of less than 180 
may be expected to have correspondingly less effect on 



exhaust-gas thrust, it is Relieved that the curve of 
T e against P 0 ^/^e *" or 25-inch stack may "be used 

to pr edi ct the thrust obtai nable wit h all single stacks 
having smooth bends of various a.mounts.. 

figure ^(b) shows - the variation, of V e with 
p 0 A/M e for the "branched- stack. . The. data do not fit 
the curve for the 25-inch stack but. give somewhat smaller 
values of Y e for a given value of P 0 A /^e* This 
difference is probably due to t he - influence of the closed 
branch on the exhaust-discharge process. It is not cer- 
tain that the thrust as obtained in these tests .will 
• apply when both legs of the branch are used, as in a - 
mult i cylinder installation. The uncertainty is increased 
if the 'two legs are connected to cylinders with over- 
lapping exhaust-valve tiding. 

Figure U(c) shows the effect of a beveled nozzle exit 
on thrust. Data are given for a straight stack 20 inches 
long and the nozzle with the beveled exit. Corresponding, 
data ar e also s hown for the same s t ack and nozzle after 
the beveled portion the nozzle had been cut off until 
the exit was normal tg t&.e noz sla^axis . The beveled exit 
gave slightly smaller value s of V e than the normal exit 
for a given value of P Q A / M e . 

The Effect of Nozzle Area and Stack Shape on 

" 0 v er - A 1 -1 P e-r-f o r ma nee. f o r._the Sy Shape , the 

90° Bend, and the 180° Bend 

Figures. 5(a), 5(h), and 5(c) show the optimum values 
of v^n/A ; plotted against P 0 /P m for the S-shape, the' 
90° bend, and the 180° bend, respectively. These values-. : 
were obtained by plotting Aj6j as determined by equation 
(6) against v^n/A at constant values of P 0 /Prri ani 
Y/rip. The values of - v^n/A corresponding to the maximums 
of curves faired through the data were considered the 
optimum. They are the values for which the net gain, in 
thrust horsepower is a maximum at the given values of 
p o /p m and V/^p. The curves for = 0 represent the 

values of v^n/A at which, the engine just begins to lose 
power. They were taken by inspection from the curves of 
against v^n/A. 
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Inspection of figure 5 shows that the optimum value 
of v^n/At for a constant value of P 0 /p m t increases with 

V; thus, for a given engine ancLengirie speed, the correct 
nozzle area will decrease as V .. increases. The optimum 
values of v d n/A decrease with the ratio P 0 /Pm Indi- 
cating that, in general, the required nozzle area will 
increase with Ahe critical altitude. A comparison of 
figures 5(a), 5(h), and 5(c) shows that, for constant 
values of P 0 /Pm anci ^/^p f tiie °P timuin values of 
v^n/A tend to decrease as the amount of bend in the stack 
increases. The optimum values for the S-shaped stack fall 
between the values for the 90° and the 180° bends. This 
variation apparently does not apply for the condition where 
A0 = 0, in which case the S*-shape.d stack allows slightly 
larger values' of v^n/A than the other two stacks at the 
larger values of P 0 /P m * 

Figure 6 shows (T e ) eff as determined by equation 
(8) plotted . against P 0 A/M e at. constant values of P 0 /p m . 
for two values of V/rip,. Curves are given for the S-shaped 

bend, the 90° bend, and the 130° bend. These curves were 
computed on the basis of T m = 540° F absolute, f = 0,08,. 
and a volumetric- efficiency t| v at 2100 rpm. Volumetric 
efficiency was determined by the relation > 



^v = ^v 0 + A n v 

where riv - -was the value at 2100 rpm and Atw t was ob- 
tained from the appropriate curves' of Ari v * r against 

v^n/A. Values of ' A0 were o^btainBd f-rom faired curves 
of A0 against . v^n/A and V e was obtained from the 
curve of V e against" p Q A/M Q 'for the 25-inch stack. 

The thrust of the exhaust-gas • j et as represented by 
the curve of A0 = 0 is seen, to -increase as p 0 A/M e 

decreases. At each value of P 0 /pm- an ^ °^ airplane 
velocity V a value of p -A/M" e is reached where the 

curve O'e^ef-f branches from the curve Lp = 0, This 
value of p^A/Mg ' ."represent s- the point where the engine 

Just beg-ir-s -*t'o" i'ose p.bwer."'.for these co ndit i qus^ As 
p 0 A/M e is reduced from this Value, ^.tha clirve C^ e )eff 
continues to increase slightly, bec-ause the gain in jet 
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thrust power is larger than the loss in engine power* An 
optimum value of p Q A/M e is finally reached at which 
(^e^eff is a maxilim m 0 As P 0 A/M e decreases beyond this 
point 9 the loss in engine power is greater than the gain 
in jet thrust power and ( v e ) eff decreases. Lines faired 
through the maximum valu.es of C^e^eff ar ^ shown for two 
values of V/ r ip« : 

Only a small change in the .curves for (V e ) e ff is 
effected by a change in airplane speed from 200 to 350 
miles per hour 0 This percentage change in V is much 
greater than any percentage change in t> v or T m (from 

the values assumed in the preparation of fig, S) that 
might "be expected in practical operation, Equation (8) 
shows that a given percentage change in T m or n v has 

the same, effect on (V e )eff as an equal change in V; 
thus, normal variations of 0? m or n v from the values 
assumed in preparing figure 6 should have only a small 
effect on the curves of (V e ) eff . Similarly, normal 
changes in fuel-air ratio will have only a small effect 
0n (7 e>eff 

It is noted that, for large values of p 0 /p m ., the 
curves of (T e ) eff against p 0 A/M e are relatively flat 
near their maximum values and. the nozzle area may vary 
considerably from its optimum value without greatly 
-rf-fee^t-ag--t4^-n^-..gaiA_.in. .thrust power 0 For small values 
ofl Pq/p^* ( v e) e ff is moro sensitive to change's in" 
p Q A/M e and the nozzle area is more critical. The per- 
centage range of area, however, remains nearly constant 
&s Po/Pm varies* 

Figure 5 is convenient for determining the correct 
nozzle area for a given set of conditions. Figure 6 can 
be used to predict the gain in performance to be expected 
from the installation, 

The method of using the curves is shown by the 
following example. Assume the following conditions: 

Engine displacement volume, cubic inches ..... 1800 

Humber of cylinders 14 

Engine- speed , rpm . . [ 2400 

Brake horsepower . . , t HOO 

Atmospheric pressure, inches Kg absolute .... 13.75 

Intake manifold pressure, inches Hg absolute . . 43,00 

Propeller efficiency . . . , ■ '[85 

Airplane velocity, miles per hour ........ 350 
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Then P 0 /p m = 13.75/43,0 = 0.32. 

If S-shaped stacks are used, the value of v^n/A 

co rr e spending to maximum performance is 145 (fig. 5(a)). 
The nozzle area per cylinder is given by 

v d n 1800 2400 144 

Area =14? = 14x1728 X lo" X 145 = 2 ' 96 5 ^ aTe incheS 

If a charge consumption of 2.4 pounds per second is 
assumed, p Q A/M e is given by 



= 13,75 x 0.491 x 144 X i^^x ------- = 3750 feet per 

"e 144 2 ' 4 second 

From figure 6(a) the corresponding value of (V e )^ ff is 

2260 feet per second , and ' the net gain in thrust horse- 
power is given by 

APj = iylsleffjr B 2^4 x 2^0 gl4 = lg horsepower 
1 550 32e 2 5d0 * 



This value is 16*84 percent of the engine thrust horsepower, 
On the assumption that the airplane velocity varies as the 
cube root of the thrust horsepower, the increase in V is 
given by 



AV = 350 



1684 - 1 



= 19 miles per hour 



The thrust horsepower of the jet alone is obtained from 
the curve A0 = 0 and is equal to Pj where 



P = * ie Ve V = JLii. x 2350 x |M = 163,5 horsepower 
550 32.2 550 

The difference in thrust horsepower, 163.5 - 157.4 = 
6.1, is due to the loss in engine power. 

If the example is computed on the basis of the value 
of v^n/A at which the engine begins to lose power, the 
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required nozzle area is 3.54 square inches per cylinder, 
which is 19.6 percent larger -than the area corresponding 
to maximum performance. The value of AV for this case 
is approximately 18.5 miles per hour. Although the 
difference in performance with the two nozzle areas is 
slight, an improvement in flame damping Will possibly 
result from ti*e use of the smaller nozzle area. It is 
evident from figure 6 that the nozzle' area may "be re- 
duced to a value somewhat below the optimum with only 
a small effect on total performance. 

Figure 7 shows the variation of the effective brake 
specific fuel consumption (bfc) eff with v^n/A for 

various values of P 0 /Pm* ^ e curves are ^^sed on data 
for the S-shaped stack and were computed for an airplane 
velocity of 350 miles per hour and a propeller efficiency 
of 0.85. Values of (t>fc) eff were determined by the 

following relation 

(Wc) 9f , = (lfc) Q f 00 - 



where <p is for an engine speed of 2100 rpm and a 
given value of p 0 /p m 5 ^ Is the ratio bmep/p m for 

the same conditions; A^rp represents the net gain in 
thrus_t horsepower at a given value of v^n/A; r\ v rep- 
resents the correspond iiig " volume-t-r-i-c- ef-f-ic ie ncy.; ^ V _ Q 

is the volumetric efficiency corresponding to p 0 and 

0^ ; and (ifc) 0 is the indicated specific fuel con- 
sumption for the unrestricted stack condition. 

The value of (ifc) Q was taken as 0.495 at V 0 /v m = 
1,0, which corresponds to a brake specific fuel consumption 
of 0.55 for the same conditions. It was assumed to be con- 
stant for all values of P 0 /pm» 

■ The value of. fi^ was obtained by the relation 



h Q = 0o - 0f ~ 0s 

where "0f is the ratio of friction mean effective pressure 
to intake manifold pressure fmep/p m ; fmep was taken as 0.1 
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imep at P 0 /p m = 1» 0 ; 0 S is the ratio of supercharger 
mean effective pressure to intake manifold pressure 
smep/p m computed on the basis of full throttle operation. 
In the' computation of ^ s the adiabatic efficiency was 
taken as 0*65 and the gear efficiency was taken as 0,85. 

The points for A0ni = 0 in figure 7 represent the 
brake specific fuel consumption when no jet thrust is 
utilized* The points for £0rp = maximum represent the 
values of v^n/A corresponding to maximum p.erf or mance 0 
Maximum economy is obtained at the values of v^n/A 
corresponding to maximum performance,, 

The 90° bend and the 180° bend.- will give approxi*' 
mately the same gain in economy as the. S- shaped stack 
for a given set of conditions, 

The Effect of Stack Shape and Nozzle Area.- on Engine 
Power an.d Volumetric Efficiency for the S-Sha-ped, 
the 90° Bond, and this. i80°'"Bend*^ 

The variation of p and volumetric efficiency tw 
with P c /p n for various nozzle areas at constant engine * 
speeds is shown for the S-shaped stack "in figures. 8 and 9 # 
The curves are similar to those obtained for the 25-in.ch 
stack (reference l). 

Values of £0 as obtained from the .faired curves 

in figure 8 are- plotted against v d n/A in figure 10 
for constant values of P 0 /p m * values of 0 for 

the nozzle having an area of 4 f 20 -square ...inche s represent 
the unrestricted-stack condition There appears to be 
a smooth transition from the region of no loss in power 
to the region where a loss occurs, In... ref eren.ee 1 there ; 
was. found a very sharp transition from no loss in power 
to the region where a loss occurred- and the datxa for the 
25-inch stack could be represented by a straight line 
intersecting the = 0 line at a value of v d n/A corre-- ... 

spending to the point at which the engine -just started 
to lose power. This difference in the variation of 
with v d n/A for the two stacks may be explained as. 
follows: The bends' in the S-shaped -stack., represent a 
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slight initial restriction so that with no nozzle restric- 
tion on the end of the stack a slightly larger effective 
value of v d n/A exists for this stack than for the 25- 
inch stack. Although. the effective area is large enough 
that no loss in power is exper ienced f it is apparent that 
the addition of a nozzle with its- attendant pressure drop 
will cause a loss in power with less decrease in area than 
for the straight stack. As the nozzle area decreases, the 
effect of the inherent stack restriction is decreased with 
the result that a gradual transition occurs, For greatly 
decreased nozzle areas the effect of initial restriction 
becomes negligible and the power loss approaches that for 
the straight stack. 



\The values of v d n/A at which the engine just begins 
to lose power were taken by ' inspect ion from 'figure 10 and 
are plotted against P 0 /P m in figure 5(a). They are 
represented by the curve A0 = 0. The corresponding curve 
for the 25-inch stack is also given in order to show the 
effect of bends on the value of v d n/A at which a loss 
in engine power begins. 



Values of Ari v obtained from figure 9 are plotted 
against. v d n/A for constant values of Pq/p^ in figure 
A comparison of figures 10 and 11 shows that, as v d n/A 
increased, a loss in engine power occurs before there is 
loss in volumetric efficiency. The values of A|5 and 
An v at P 0 /p m = 0.2 were obtained by extrapolating the 



curves in figures 8 and 9, 



90 ( 



11, 

is 

a 



The foregoing discussion als o "applies ' In general to the 
bend and the 180° bend, which g&ve re^lv s sf.n.Alar to 



those obtained for the S-shaped stack. The vaxioris curves 
for the 90° and 180° bends are given • in - the following figures 



V e against p 0 A/M e 
v^n/A against P 0 /p 



e'ef f 



again st 



against 
agains t 
against 



An. 



agains t 



Po/Pm 
Po/P m 
v d n/A 
v d n/A 



PoVM, 



90° -b end 

5(b) 

6(b) 

12 

13 

14 

15 



U'0° bend 

4(a) 
5(c) 

6(c) 
16 

17 



The curves of n v and Ati v for the 180° bend have been 
omitted in order to reduce the, number of figures. 



16 



The maximum net gain in thrust horsepower for a 
given set of conditions is approximately the same for 
these three stacks although the required nozzle area 
will vary slightly for the different stackso 

A comparison of figures 8, 12, and 16 with the 
corresponding curves for the 25-inch straight stack, 
show that corresponding values of ft for the unre- 
stricted stack condition agree fairly well. The dis- 
agreement is greatest at low engine speeds and at ■ 
P 0 /p m = 1.0* Since the scatter appears to "be random, 
it is believed to "be due to experimental error and to 
changes in the engine, which was overhauled several 
times during the tests. ^ 

The Effect of Stack Length on Engine Power 

The 44- inch straight stack . — The values of 0 and 
A0 for a straight exhaust stack 44 inches long are shown 
in figures 18 and 19 f respectively. The scatter of data 
makes it difficult to determine how varies in the 

region where a loss in power begins (fig. 19)* A critical 
value of v^n/A was obtained by fairing two straight lines 
through each plot and considering the point of intersection 
at = 0 as the critical value, A similar treatment was 

made (reference 1) for the 25-inch stack. The apparent 
value of v.n/A at which a loss in engine power just occurs 
is much higher for these straight . stacks than for. bent 
stackSs but the transition to the region of pov/er loss is 
much sharper for straight stacks. 

The critical values of v^n/A for the 44-inch and 
the 25-inch straight stacks are shown in figure 5(d). The 
differences between the critical values of v^n/A for 
these two stacks are well within the limits of probable 
experimental error. The values of fi 0 at corresponding 
conditions are approximately the same for the two stack 
lengths ; thus , no change in engine power may be attributed 
to the increase in stack length on the. basis of the avail- 
able data. No other effect on the performance of the jet- 
propulsion system is to be expected with the 44-inch stack. 

As the exhaust stack length is increased, the effects 
of gas friction will tend to create higher mean pressures 
in the cylinder during, the time that its volume is decreasing 
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with a resulting loss in power. Resonance effects also 
become more important as the stack length increases* It 
is evident that there is a limit to the length of exhaust 
stack that may "be used without an appreciable effect on 
power. 

The 108-inch straight s tack. - A straight exhaust 
stack 108 inches long was tested for its effect on engine 
power 0 Figure 20 shows the variation of p with engine 
speed for various nozzle areas and at values of P 0 /p 
equal to 0, 4 , 0.7 , and 1.0. Corresponding curves are 
shown for the 25-inch stack at P 0 /p m = 0.4 and 0.7. The 
curves for p 0 /p m = 1.0 are not given for the 25-inch 
stack because of excessive scatter of the data. 

The effects of resonance between the natural frequency 
of pressure waves in the exhaust system and engine speed 
are appreciable and no correlation is obtained by plotting 
0 and A0 against P 0 /p m and v d n/A, respectively. The 
long stack was found to have an adverse effect on engine 
power for most practical combinations of engine speed and 
nozzlearea. 

As the ratio P 0 /p m decreases,, the volume rate of 
flow in the stack increases and the acoustic velocity is 
maintained at the nozzle exit for a longer period of time. 
No pulses being reflected in a gas* stream moving at the 
velocity of sound, the effects of resonance tend to de- 
crease with P 0 /P m . The difference in p for the long 
and- the short stacks Is . t hen mainly due to. the larger pres- 
sure drops required by gas friction in the long stack. ". 
When a nozzle is placed on the stack, pulses will be re- 
flected by the surface representing the difference between 
stack area and nozzle exit area; thus, when the flow from " 
the nozzle is mainly acoustic, resonance will occur with 
small nozzles and will tend to decrease as the nozzle exit 
area increases. The effects of a decrease in p 0 /p m an <* 
an increase in nozzle area may be seen by inspection of 
figure 20. 

The Effect of a Branched Stack on Engine Power 

The variation of p and A0 with P 0 /p m and 
v d n/A, respectively, are shown for the branched stack in 
figures 21 and 22. The values of 0 O agree fairly well 
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with corresponding values for the stacks previously 
discussed. The critical values of v^n/A are shown 
in: figure 5(e). 

Although these tests of a single-cylinder engine 
indicate that the branched stack has no adverse effects 
on engine power, it is not certain that this result will 
be true when both legs of the stack are being used, 

For example , it is known that if the two legs are 
connected to cylinders having an appreciable overlap in 
exhaust valve t iming s a loss in power, will result . Fur- 
ther investigation with branched stacks on mult icyl inder 
engines is required before an accurate prediction of 
their effect on engine power can be made. 



CONCLUSIONS ' 

Based on test-stand measurement of exhaust-gas jet ■ 
thrust and engine power for an 1820-G cylinder it is 
concluded that : 

1. The mean exhaust-gas jet vel oc i ty . obtained 
with individual exhaus t s tacks was not apprec iably 
changed by' the addition of smooth bends, to. the exhaust 
stack or by changes in length up to at least. 4, feet. 
The' curve previously obtained for the 25-inch straight 
stack may be us ed to predict the thrust obtainable with 
stacks falling in the foregoing... classification. ' 

2. ' The. presence of smooth bends in individual ex- 
haust' stacks -having no nozzle res t r ict i on . had no appre- 

c iable effect on engine power , although a loss in engine 
power, occurred for. less reduction in nozzle area with 
bent stacks than with s traight stacks . 

3. The- maximum total performance obtainable was 
not greatly affected by the use of bent stacks, although 
the correct nozzle area varied with the amount of bend 
employed. 
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4, .Increases of stack length up to 44 inches had 
no effect on engine power; a stack 108 inches long had 
an adverse effect on engine power for most practical 
combinations of nozzle exit area and engine speed. 



k Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va» 
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